OBJECTIVES: In this study, the influence of aortic root distensibility on the haemodynamic parameters and valve kinematics of a bioprosthetic aortic valve was investigated in a controlled in vitro experiment.
INTRODUCTION
The native aortic valve shows competent function without early structural failure for challenging physiological demands. The aortic root including the sinus portions has long been known to be important for the correct functioning of the aortic valve cusps and therefore also for the competence of the aortic valve [1] [2] [3] . During systole, vortices form in the sinus portions and affect the position of the cusps. It has been suggested that they contribute during end-systole to the prevention of jet formation and competent closure of the valve [4, 5] . In 1999, a study by Yacoub et al. [6] indicated the importance of further studies of the haemodynamic influence of the aortic root on aortic valve performance.
The distensibility of the aortic root is related to the opening and closing kinematics of the native aortic valve and to an increase of the valve orifice area during exercise [7] . These physiological mechanisms may be altered in stiff roots, e.g. heavily calcified roots. The distensibility of the aortic root also has an effect on the blood flow patterns in the aortic root and on the related mechanical stresses, which may affect aortic valve cusp tissue remodelling or pathological changes [3] . Degeneration and subsequent calcification of the aortic valve have been connected to zones with high mechanical stress [8] . Valvular diseases such as aortic stenosis are associated with aortic valve tissue and annulus thickening, reduction in elasticity and the ability to adapt to changes during the cardiac cycle, reduction in distensibility, and increasing stiffness of the aortic valve cusps and root [8, 9] . In patients with bicuspid aortic valves, the reduction in aortic wall elasticity was associated with aneurysms of the ascending aorta, left ventricular (LV) hypertrophy and aortic valve regurgitation [10] . In humans older than 50-60 years of age, it has been reported that decreased distensibility and changes in the aortic root geometry can lead to different biomechanical and haemodynamic characteristics of the aortic valve [8, 11] .
In the light of the general trend towards bioprosthetic and transcatheter aortic valves, the topic of aortic root distensibility is of growing interest because bioprosthetic structural valve deterioration (SVD) and anatomical changes are important prognostic factors. The ideal design of artificial heart valves has not been identified [12] . Serious problems remain with respect to the longterm performance of bioprosthetic valves and patient outcomes [13] [14] [15] [16] related to SVD, thrombosis, tissue overgrowth, paravalvular leaks and calcification. Different independent factors have been suggested to influence SVD [8] . In recent studies [17, 18] , the sinus portions and the distensibility of aortic root grafts have been shown to affect aortic valve kinematics after aortic valve sparing procedures. The objective of this study is to investigate the effect of aortic root distensibility in the context of bioprosthetic aortic valves. For this purpose, we studied haemodynamic parameters and kinematics of a bioprosthetic aortic valve in a controlled in vitro experiment with systematically varied aortic root distensibilities.
MATERIALS AND METHODS

Aortic root phantoms
Transparent aortic root phantoms of three different wall thicknesses (0.55, 0.85 and 1.5 mm) were manufactured using ELASTOSIL ® RT 601 A/B silicone (Wacker Silicones, Wacker Chemistry AG, Munich, Germany) in a 9:1 ratio (by weight) to mimic three different aortic root distensibilities. The aortic root phantoms were manufactured by applying the silicone in layers to a 3D-printed negative model of a standard aortic root geometric configuration with a diameter of 2.1 cm [19] . Polymerization of each silicone layer was done during 3D rotation for an equal distribution of the silicone. The aortic annulus and inflow tract were stabilized with a strip of compression bandage immersed in the silicone. An Edwards INTUITY Elite 21 mm sutureless aortic valve (Edwards Lifesciences, Irvine, CA, USA) was inserted in the aortic root phantoms, and the aortic valve stent was dilated with a balloon three times at 4.5, 4.5 and 5.0 atm, respectively, to avoid paravalvular leakage. The aortic valve was secured with a surgical thread tied around the aortic root phantoms at the annulus to avoid valve migration (Fig. 1A) .
Left heart simulator
The aortic root phantoms with the inserted aortic valve were tested in a left heart simulator ( Fig. 1 ) described previously [20] . The left heart simulator consisted of four polymethylmethacrylate chambers representing the left atrium (LA) and the left ventricle (LV), a water-filled chamber enclosing the aortic root phantom to allow undistorted optical access and a chamber representing the systemic arterial tree compliance. A bileaflet mechanical valve separated the LA and LV chambers, mimicking the mitral valve (MV), and a gated valve between the compliance chamber and the LA chamber representing the systemic resistance. A mixture of 40/60% glycerine and water at room temperature was used to mimic the viscosity of blood.
Haemodynamic measurements
Haemodynamic measurements for each aortic root phantom were performed for three different haemodynamic configurations:
(i) At 60 bpm, with a cardiac output of 3.5 l/min and an aortic pressure of 100/60 mmHg. For the first haemodynamic configuration, the settings for the compliance chamber, the gated valve ( peripheral resistance) and the pump stroke volume were adjusted to obtain the values for the respective parameters (aortic pressure and cardiac output) at 60 bpm. For the second and third configurations, the settings for the compliance chamber and the gated valve remained the same and only the pump stroke volume and the heart rate were adjusted to achieve the respective parameters. For all haemodynamic measurements, these settings remained the same for each configuration and between each aortic root phantom. The LV and aortic pressures (measured in the LV and the compliance chamber, respectively), the pump flow and the MV flow were recorded. All haemodynamic measurements were performed for 25 s with a sampling rate of 200 Hz.
Aortic valve kinematics assessment
A high-speed camera (Basler piA640-210gc GigE, Basler AG, Ahrensburg, Germany) captured the aortic valve movements during the haemodynamic measurements described above at a frame rate of 200 Hz for 20 s. The camera was mounted either sideways to visualize cusp motion in the axial plane of the aortic root phantoms as well as the dilatation of the phantom walls (Fig. 1A) or axially (retrograde axial view) to visualize the cusp motion in the valvular plane (Fig. 1B) . Experiments for each haemodynamic configuration were performed twice with the camera in either the sideways or axial position, yielding a total of six performed measurements for each aortic root phantom. The haemodynamic measurements and the camera frames were synchronized using a synthetic trigger signal.
Data analysis
The measured data were post-processed using MATLAB (The MathWorks, Natick, MA, USA). Some heartbeats were excluded from the analysis (on average 2 ± 1 heartbeats per measurement) because of some missing camera frames. Haemodynamic parameters and aortic valve kinematic parameters were calculated for each heartbeat for all measurements. Data from at least 15 heartbeats were used to obtain ensemble-averaged heartbeats, mean values and standard deviations of these parameters. The aortic valve flow was calculated as the measured pump flow minus the measured MV flow. Effective orifice area (EOA) was calculated as [21] :
where Q RMS (ml/s) is the root-mean-square value of systolic flow through the aortic valve and dP mean (mmHg) is the mean systolic trans-valvular pressure gradient. The camera frames taken in the axial view were used to measure the geometric orifice area (GOA) by counting (frame by frame) the pixels in the lumen of the open aortic valve, which was identified by an edge detection algorithm using MATLAB. The conversion from pixels to centimetres was calibrated using the distance ( 100 pixels) between two well-defined reference points on the stent ring. The uncertainty in the reference length measurement was ±2 pixels, which led to an uncertainty of ±4% in the resulting area measurements. The robustness of the method for measuring the GOA was tested by comparing the results obtained with slight variations of the method (e.g. different parameter settings for the edge detection method, different choice of reference points for calibration). It was found that the results were robust and accurate within the given range of uncertainty.
The rate of change of GOA (ΔGOA/Δt) was calculated using MATLAB to assess the opening and closing velocities of the aortic valve. The mean systolic flow velocity in the aortic valve orifice was calculated as Q RMS /GOA (m/s). The diameter of the aortic root phantoms was determined with respect to the width of the ascending aorta of the aortic root phantoms from the frames taken in a sideways position. The aortic root phantom distensibility was calculated as [22] Distensibility ¼ 100
where A (cm 2 ) is the systolic ascending aortic lumen area at the systolic aortic pressure P (mmHg) and A 0 (cm 2 ) is the diastolic ascending aortic lumen area at the diastolic aortic pressure P 0 (mmHg). Accordingly, D (cm) is the systolic ascending aortic lumen diameter at the systolic aortic pressure P (mmHg) and D 0 (cm) is the diastolic ascending aortic lumen diameter at the diastolic aortic pressure P 0 (mmHg). Analysis of variance (ANOVA) was performed to test if there was a statistically significant difference between the means of the averaged systolic GOAs of the different aortic root phantoms, as well as between the means of the EOAs and the aortic valve opening and closing velocities. The ANOVA was performed separately for each haemodynamic configuration. Pairwise t-tests were performed to determine between which aortic root phantoms these parameters were significantly different. The differences were considered significant for P-values less than 0.05. The standard deviation is given in parentheses. HR: heart rate; rms: root-mean-square. Figure 2 shows the relative diameter (D/D 0 ) of the aortic root phantoms at different aortic pressures during a heartbeat for D 0 = 2.1 cm. The diameter increases with increasing aortic pressure and shows hysteretic behaviour. The resulting distensibilities were found to be 0.53, 0.30 and 0.13%/mmHg, according to equation (2), for a systolic-to-diastolic aortic pressure of 100/60 mmHg for the aortic root phantom with wall thickness 0.55, 0.85 and 1.50 mm, respectively. The distensibility of the aortic root adds to the systemic compliance (Windkessel effect) provided by the large compliance chamber (Fig. 1) . However, a comparison of the systolic volumes stored in the aortic root versus the volume changes in the compliance chamber shows that the contribution of the aortic root is negligible.
RESULTS
Aortic root phantom distensibility
Haemodynamic results
The haemodynamic results for the different aortic root phantoms are listed in Table 1 . The trans-valvular pressure gradient dP mean was similar for the measurements at 60 bpm, whereas it tended to be larger for lower aortic root distensibilities at 80 and 100 bpm. Figure 3 shows the measured pressures in the aorta, the LV and the trans-valvular pressure gradient for all measurements. Clearly, the different aortic root phantoms did not significantly affect these haemodynamic parameters.
Aortic valve kinematics Figure 4 shows the GOA plotted over time for the ensembleaveraged heartbeat at 100 bpm for the three different aortic root phantoms and the rate of change in GOA, indicating the aortic valve opening and closing velocity. The GOA increased with decreasing distensibility of the aortic root phantom, and the aortic valve opening and closing velocities were higher. For further illustration of the results, a video sequence (Video 1) of the valve kinematics is provided. Figure 5 shows the mean aortic valve opening and closing velocities for all haemodynamic configurations. The velocities increased with decreasing distensibility for all heartbeats. This effect was more significant for higher heart rates and higher aortic pressures and flow. The aortic valve opening and closing velocities were significantly different between all aortic root phantoms at 100 bpm (P < 0.005 between all aortic root phantoms), as well as between the 0.55 and 1.50 mm thick phantoms for the haemodynamic measurements performed at 60 and 80 bpm (P = 0.01, P < 0.005, respectively). Additionally, the increase in both aortic valve opening and closing velocities was significant between the 0.85 mm and the 1.50 mm phantoms at 80 bpm (P = 0.01, P = 0.01, respectively) and for the aortic valve opening velocity between the 0.55 mm and the 0.85 mm phantom at 80 bpm (P < 0.005). Figure 6 shows the GOA, the EOA and the mean systolic flow velocity (Q RMS /GOA) in the aortic valve orifice for all measurements. EOA and mean systolic flow velocity tended to decrease with decreasing distensibility, whereas the GOA increased. The increase in GOA with decreasing distensibility was significant between all aortic root phantoms for all haemodynamic states (P < 0.005 between all phantoms). The decrease in EOA with decreasing distensibility was significant for all aortic root phantoms for the haemodynamic measurements at 80 and 100 bpm (P < 0.005 between all phantoms), whereas it was insignificant for any of the phantoms for the haemodynamic measurements at 60 bpm (ANOVA: P = 0.79).
DISCUSSION
The aim of this study was to investigate the effect of aortic root distensibility on the haemodynamic parameters and valve kinematics of a sutureless bioprosthetic aortic valve. The measured distensibilities of the aortic root phantoms were found to be in the physiological range reported for healthy individuals [22] . The distensibility of the aortic root phantom with 0.55 mm wall thickness corresponded to values found for healthy individuals in the age group 40 ± 10 years; the phantom with lowest distensibility (1.50 mm wall thickness) corresponded to the age group 70 ± 10 years for healthy individuals. The stiffest phantom may also be a good model for younger patients with cardiovascular diseases that may impact the stiffness of the aortic root (e.g. calcifications).
The haemodynamic performance of the Edwards INTUITY Elite 21 mm aortic valve was found to be in accordance with values given in the literature [23, 24] , indicating that the left heart simulator reproduces appropriate physiological flow conditions in the aortic valve and the aortic root. The haemodynamic results showed only minor variations between the different aortic root phantoms. This finding implies that aortic root distensibility has no significant effect on the overall haemodynamic performance of a bioprosthetic aortic valve.
Aortic root distensibility affected the GOA and the aortic valve opening and closing velocities significantly (Fig. 5) . We found that the aortic valve opened more (higher GOA) for stiffer aortic root phantoms. This phenomenon was more pronounced for higher heart rates. Most significantly, the GOA for 100 bpm was almost 20% larger for the least distensible aortic root than for the most distensible root. At the same time, the systolic trans-valvular pressure gradients dP mean tended to increase for less distensible roots and, consequently, the EOA decreased slightly. This result can be attributed to the smaller systolic lumen of the less distensible aortic root phantom, which led to higher viscous pressure losses (see Fig. 2 : ascending aortic diameter for 100 bpm at peak systole for the thick-walled phantom was 20% smaller than for the thin-walled phantom). The reason why the aortic valve opened more in a stiff aortic root is not well understood. We suspect that it is related to the flow conditions in the sinus portions, which may depend on the distension of the sinus portion. Most likely, the vortices that formed in the sinus portions of the stiff aortic roots had a different character from the vortices in the soft roots, which offered a larger volume for vortex formation. More detailed investigations of the flow in the sinus portions are required to understand the complex dynamics of the aortic root and to explain the increase of GOA in stiffer roots.
The increased GOA in stiffer aortic roots led to a lower mean systolic flow velocity (Q RMS /GOA) in the aortic valve orifice. This result implies that the systolic wall-shear-stress acting on the aortic valve cusps was probably lower for these roots. It also suggests that the Reynolds number of the systolic blood stream was lower, which is expected to lead to lower levels of turbulence in the aortic root. At the same time, the stiffer aortic root phantoms showed higher aortic valve opening and closing velocities, which might lead to higher mechanical load on the aortic valve cusps during opening and closure. One limitation of this study is that only one type of bioprosthetic aortic valve was tested. The Edwards INTUITY Elite sutureless aortic valve is a stented surgical valve similar to the well-studied Edwards PERIMOUNT Magna valve when it comes to cusp design [24, 25] . It is expected that other stented bioprosthetic valves with similar cusp designs will exhibit the same effects related to aortic root stiffness. However, for different bioprosthetic aortic valve design concepts, e.g. stentless or transcatheter designs, the effect of aortic root distensibility can be different and needs further investigation. A second limitation is that only one aortic valve size and aortic root size were tested. The distensibility of the aortic root also depends on the chosen prosthetic valve size and type [26] . Aortic valve size versus aortic root size is expected to influence the flow field behind the valve and thereby also the aortic valve kinematics. Similarly, aortic root morphology and aortic valve positioning in the annulus are expected to have an influence. In this study, only one position of the aortic valve and only one aortic root morphological type were investigated.
Additional research is necessary to clarify the changes in distensibility in the long-term. In particular, scar tissue formation after surgical valve replacement may influence aortic root distensibility [26] . With a better understanding of aortic root physiology, future research on aortic valve replacement should take into account the integrated structural and functional asymmetry of aortic root dynamics to minimize stress on the aortic cusps to mitigate premature SVD.
In conclusion, we have shown that the GOA increases for less distensible aortic roots, and with it also the aortic valve opening and closing velocities. The larger GOA is expected to decrease the systolic wall-shear-stress, acting on the aortic valve cusps due to the lower mean flow velocity and to reduce turbulence levels in the aortic root. The higher opening and closing speeds of the aortic valve lead to higher mechanical load on the cusps for stiffer aortic roots. Aortic root stiffness might influence the onset of SVD, due to the alteration in GOA, cusp kinematics and wall-shearstress. Whether or not these factors have a significant influence on the lifetime of the bioprosthetic valve needs further investigation.
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